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ISOTHERMAL SINTERING OF METALLIC

POWDERS UNDER PRESSURE
- U8S -

[Following is a translation of an article by

M. Yu. BalJshin and A. A. Trofimova in the

Russian language periodical Izvestiya Akademli

Nauk SSSR, Otdeleniye Tekhnicheskikh Nauk,

Mletalurgiya i Toolivo(News of the Academy of

Sciences, USSR, Department of Technical Sciences,

Metallurgy and Fuel), No 6, Moscow, Nov/Dec

1961, pages 45-51.3

This report deals with sintering under pressure
of powdered copper, nickel and iron of varying fine.
nesses. The sintering was done in a secial dilatom-
eter with graphite press-forms, at several tempera-
tures and under pressures from two to 64 kg/sq cm.
Pressure was applied on reaching a required level
of temperature, heating rate being abcut 12 deg/min.
Duration of isothermal treatment was 256 minutes.,
with recordings of change in sample size being made
at intervals of 1,2,4,8,16,32,64,!28 and 256 minutes.
Sintering and cooling toolc place in a hydrogen at-
mosphere.

During sintering under pressure, a powder con-

glomerate contracts both from relative displacement

or slipping of the particles(interparticle deformation)

and from irreversible deformation of the particles them-

selves (intraparticle deformation) (a). Tests have shown

that both these types of deformation take place within

ithe first few minutes of sintering.
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cop per povidereroii'd.freidfcto of fused

co-pper caml .lvf Paxticles of' true s'.he-ical f'ormt.

rBT-nd( .r cc atUractI.on. J.rom j.x, t-: erp art cl '] i e tn~ alon e

cot ct btweern. part~i c'le oul these powdj.Ce::o.- caný 0 00 11r

oil.~ at dis ecx-ote po~in~ts; fo-u-aatiofl oJ'l.rg flat Con--

tec~ct areas ca~n t~hen ocowk:. noily because of' irre-versib'It

oiecrmation i-r the in.-dividual :aic.) c-,

Por exourm-le, coaroe powdered ;op~per of' sphericeal

p~artiole :form,- (0.04-~0.06~.3 imla) was heated iat a prefsnx'e

of 312 kgl/'S cm. to 9 50" in approximiately one niinute.

~Airoho~ge-LSof saatpl~ep 'Fig. 1), show i.n. a subet-an-u

tamimaber of particles 1;he:,,) atontioc--,t areas, that,-d,

a f iormaed by inrpril eomto.At the same

t~imoe ,tany convtac.ts aere seen to be of' a om-cott

i-Wtu-re, whi~cL verifies thre 82. mutaneouE3 occurrence of

interparticle shi2Vting.

Fi±gux 1. Microphotojgýpha of grwxtad aaT,*r,. viitemd w4
950 under 32 kg/sq oa for oneia~o~a~?O wO)



It Ya.ust be eial.phasized-that ;x -th"ni e

porosi ty doess n.ot decreas.e to .-tbk mnaximlum density valuo

'for spherical particles (25%),. but only to 33V.%. In -nin-
ciple smel-lb a degr~ee o44 Clantractic.n c-ou."l~d be a~c~hjived
due to irterparticle 6 format,;on alonie; however in týh~is

case irreve.-sible -Intraparti c~te deform~ati on alsao did

Ir.reversib~le in't-rastarticol~e d eforma ~i~on In the vi~-
cirxlity of the conltact a-rea ms- occcur f rom plastic defor-
matlon or from flow (cree-p) of t~he particle mase __ or

-fromi a combin-ti~oa of bot-h these Arcsse iot t e St.,
in_- stud''yixig the kinetics of change in an.z i~d~ivi41dual

So nt a ct d ur ing h e fztin xýg, u xi,6e. 1 c. n.-s tat :r e ssuLre ( b) h avre
srio.- -h-at it i~e defonIIed due t'o bot'r, plastic deforma-.

t~ion and creep, in thlisc case th~e piastic de'f'orination.
was essentiall~y vulready .oonip~eted 1,ithi4n the ±'irast

ma..n~ute of the test, w'ith cree-p del'ormatio~n t'hen. taking

colace during latler intervals.
11t1 was noted iLn (b) thuat in. the initial stbages of

sint.erJ-ing plastic, d eformatI~on isuaoda2a since

where ~ L cnctae pproaches zero, contact pressure,
aun-roachnes infin~rity, and3 ln .any c-ase exceeds the, cri.-
tica~l ,rC SUre -le'vel Sat- which Plastic clef or~mat-ion

bee:- s, si n event, con-tact areas during the

X41A1:mi~.t e o he::at and. pressure ap-;`licaýtion, are
-Porved as a result of irrever-sible plastic deformatlorn

of the colltactin-g taticerIs. Du*ring th secoind to the
fouxrth minutes, wit'l contact area loading now lees thanl

-irPe-versible defýormatiýon conrtinues due z~o Creel).
Mahay otheer researtnlwers gsusýest th~at d 'ý.ring si.'nterifig

3



-,:'iot only contLlaous flow ofC naterial but also plastic"[

deformation takea place (c,d).

As Table 1 shows, a large percentage of the total

volumetric change in the granular mass occurs in the

first minute of sintering, during the time of plastic

deformation; the percentage rises with increased pres-

sure,

"Table 1

Sinter~ng of electrolytic copper
at 900 :ratio of volume change in
first minute to total change in
256 ninutes, as a function of
pressure.

Pressul'e,
kg,/sq cm T(4V7 2

8 25
16 46
32 I
64 68

One means of determixing instantaneous rati of

volume cont'raction, dv-/dt, in the initial moment, was

by graphical differentiation, using the tangent to the

v-t curves at the appropriate point and taking v as

the relative volume. In this case,

l_ -1
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dv/dt -ta(1)

/It

where Q is the angle between the tangential line and the

abscissa, v'/t' is the scale factor for v anid t as cho-

sen for the graph, and dv/dt is. the rate of contraction

of the relative voluae of the granulated mass. (Note-

the quantity dv/d4 is proportional to the instantaneous

rate of contraction dv/vodt, where v is initial rela-

tive volume of the granular mass but is constant for a

given material, not depending on pressure or tempera-

ture).

The rate dv/dt decr'eases in approximately inverse

proportion to time. As an example, let the scale factor

v'/t' be such that for (dv/dt)1. at the end of the first

i.inute, tan Q = 1. Also let

(dv/dt) 50  (dv/dt)l at the 50th min.

(dv/dt) (dv./dt)I at the 100th min..(dvidtdt)Oat

(dv/dt2 (dv/dt) at the 200th min.

Then the tank.ent Vyý.Iues are respectively 0.02, 0.01

and 0.005; for the chosen scale the gra-,hically found

values of tan Q at 50, 100 and 200 minutes practically

coincide, even though the rates (dv/dv) ai'e seen to be

in a 4:2-1 ratio. If the scale factor vi/tv in the last

portions of the v - t curve be increased by L00 times

llrelatuive to the initial Portions, then tan Q becomes

-'5



1, 1•and 0.5 respeotively far the 50, 160 and 200
minute times and .dv/dt can be Tound graphical1y with

sufficient accuracy.

The graphical error in. determining tan 0 (or

cot Q) is +0.02-0.03, with adequately objective drawing
of the tangent. Por' tan 0 = 1, error is also 2-3%; for
tan Q = 0.5 or 2, 4-6%, aiid for tan Q = 0.2 or 5 the

error is as high as 10-15%t, Thus the graphical method is

accurate enough only when using a scale factor for which
tan Q lies between 0.05 and 2. Even in this case, the

method is very laborious and does not exclude the possi-

bility of appreciable subjective error.

A less laboripus iethod and'one that is free of

subjective error is the calculation of instantaneous
rate dv/dt from the mean contraction rate Av/At in the

time.interval t-t 2 -- t 1. According to Lagrange's Theorem,

v&t=(d~v,/dt) x (2)

where (dv/dt)x is the inestantaneous rate at the moment

tx, taken in the interval t 2 -t,.
In. ordinary sintering (e) and also, as our results

showed, in sintering under pressure, the kinetios of con-,
traction in a fino powder are adequately 6xpreseed by

the equations

dv/dt 1/mt (3)

AV 12.) (3a)
m

S_-6-



Twhere m is a consLwnt. (No'e- the minus sign has bee --

omitted from dv and Av.) Afte:o sub tfl' Values of

dv/dt and. m from equations (3) and (.-) "'to (2) we get

(d v/dt)x = 1/2.t AV

In the event, a,,, in this case, that t 2 /tI 2,

then
A t

tx In .- t-2n/!• =1. 44t, (5)

For a less rapid dropoff of contraction rate

with time than in (3), vhich would be the case for

coarse granules, for t2/tl 2 we have

I.44tI t1  1. 5t (6)

Analysis shows that in thes(; cases for determi-

nation of (d~vidt) using the 1.44t 1 value in (4) and

(5) yields a somewhat low value, with an error not

wo rse th.,an 4%. Conversely, our statli:es have shown that

for faster dropoff of contraction rate th•,;n given by

(3), calculations from (4) and (5) give a slightly

high value, with error again leso; than 4%. Comparing

results from both the graphical and analytical deter--

mination of instantaneous contraction rate, th.e latter

is preferable, using equations (4) and (5).

_ -j



According to Williame (W), the rate of volume

contraction under pressure sintering "takes on a cons-

tant value with time. This view is erroneous, based on

the above described drop in accuracy in graphical de-

termination of' dv/dt when using identical scales for the'

initial and final portions of the curve; and it is not

borne, out by Williaxas' own data, According to our data,

a continuous decrease in, contra'-tion rate dv/dt occurs

with time,-- see Fig. 2 and Table 2.

IIO

Fiuare 2. Dependence of powder contraction
rate on sintering time, for various
pressures. Curve numbers are pressures,
kg/sq con

a - electrolytically geposited Cu,.
temperaaur'e =700

b - f&le nickel carbonyl, 9500
c - jet-powvdered" ron(under 90

microns), 860

i_ _I
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Table 2

Change in contraction rate dv/dt
with time in isothermal pressure
sintering of electrolytically.
deposited copper, nickel carbonyl
sand jet.-powdered iron.

Material' Granule, Tsint, 0 (dv/dt. 4 4

microns 1 m

Copper to 5 700 2 40.0

4 45.0
8 80.0

16 100.0
32 180.0

64 160.0

Nickel to 5 950 4 12.00
8 108.00

16 115.00

32 1709 80

Iron t9060 3a 99.5216 60.00
8 37.52
4 34.28

to 90 960 32 29.50
16 22.95

8 21.88
4 13.55

150-t5o 860 32 75o.16 49.32
'i8 42.20

"4 24.80

9_J



Iron 150-250 960 32 30.55
16 33.60

8 16.60
4 20.80

In tig. 3 is shown the variattion in relative

density 0 of the powdered materials with time of iso-
thermal sinterinig treatment. These graphs show the
impossibility of drawing a straight line through any
three points of a curve; thus intervals, with a linear
relationship of 0 to t are lacking -- that is, por-

tions with constant contraction rate d0'/dt.(Xote-the

impression that the curves of Fig. 3 attain a linear
character after a Jong time is false, based on the
previously cited decrease in accuracy in determining
tan Q when using the same scale for drawing all the
portions of the curve).

iwLt -- --- :

too - J0
ED ID 0 70 Dv,% Nd70v.

Figure 3. Powder density vs. sintering
time at various pressures.
Curve nuimbers are pressures,
kg/eq cm.0

a-electr. deposited Cu, 7000
i__ ' b-fine nickel carbonyl, 950 J

- 10O



For fine powders, especially u:.der svff-*rciently

heavy pressures, contraction varies in almost inverse

proportion to the intevral of isothermal treatment, in

accordance with equation (3), and the c'eorase in rate

of ,o.ont.act.on is practical.ly independent of pressure

for a, given interval t. For coarse powders contraction

rate alo ,a'Ils off coitinuousLy with time, although

more slowly than the fine type, and contraction rate

does increase with pressure.

From the data of Fig. 3 we may calculate the

relationship of contraction rate to pressure during

sintering. For example, the contraction of electrolyti-

call~y fine 6opper (Fig. 3a) from • 61% to 66.2% at

4 k&/sq cm pressure took 174 minutes, but at 8 kg/sq cm

it needed only 44 minutes to reach the same volumetric

co.ntraction. L6tting V contraction rate, the ratio

c contraction rates is

v2 ivI.= (At),/(At)2 = 3,98

whereas the nressure ratio pn/pl 2, thus

v 2 i,! AJ /, ('7)

from which, after substi tutir.nt; oorresnonding values of

V2  p, and p_ we obtain n = 2 for the given exenple.
i-t-h. change in .interiing presz'-ure on cooaper powder from

two to 64 kg/esq cm, the value of n remained effectively

constant. Values of n for the different powders are

given i.n Table 3, which shows n var.n.g from 2.to 5.
if we exclude the case of sinitering ir-on at a heat

-l ----



eslightly above that of the A to ) transformation, then)

n varies from 2 to 3.9.

S 0C
Sintered Material TSint A

Iron (to 90 micron.) 800. .0-2.4
"" "60 4. 0-5 0
" (150-250 mier. 860 2.0-3.0

" 960 3.5-4.5

Nickel carbonyl 950 2.9-3.7

Electrolytically 700 2.0-2.1
deposited Cu

From reference (c), n = 2 to 3.2; from the data

of (a), under conditions of effective sintering at

quasi-viscous flow, n = 2. Values of n greater than 2

can be mostly explained es due to a more appreciable

grain size, and by loas of activation in the powder

at lower Qressures, where a longer time is needed to

attain a given degree of contraction.

The deviation of n from the value 2 can also

be explained by other feactors. Contraction of the pow-

der, as Aoted earlier, occurs not only because of

___j
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de~raaie-n t in:dividiil C-ontý,actr? but also from the1

relative shif~tin of' the-p.ti~e T-ndezr increased

pessires the ratio o"E the-se tvo eff~ects alteGre in,

fwvor of~ tile More a-id. one, Ii~e. Particle eiin

cle, t6o whitICh f,.act tble waa;,)titr n. can be laq~ger thaxi 2,,

The o ontracti'on x, t e of' oopt'lr and, nickel pow..

ders le~ irnversoly proportionial to trea~tnant t1itme onlay

at anufficien~tly ni.qgl ress-Oes (see- Pi-. 29 Tabl.e 2)ý

At pressures "balow 8 kg,/eg cm for ao~ppe; o 16 keg/Sa cm

for -nickel, the, powdcr -ic-:, axtually sixitered under a,
pyoeezu:' (p+p..,), where p =~~e ar- 0 r and

ie Oapillaxy -precsure: thle -latter maay only be neglJec-

tdw~hen app2. slxre gn~t`'v ex-ý-d "It. Wit.4-?'

~.nO2'eae 001cotact 6utfatce sx,~. sxte- timne the

.,lue of OL and hence of (p+p:.; increat-e. -Thls iLn

the c~ase of copper and nickel T ,'fable 2) when
: Is lesa than 3 an 26 kg/acfa reepotvey th

quatiy (~p9.inceaes it entering tin~with

the recsUlt +;1hat at lo1w Pr.".aree there JIc a Slower

dro~poff in contra,,,,ction 'rte tha,ýn a hi~; pressres.

T.Lhe slower decrease in con tractio. on ra~te .for

coSaree Powders o&I low actilit'y (F'ig. 2, Tiable 2) is

explained by the sl'1ovvwer drop in act"Uivity of these j



Fvh~en compared t6 th~e fine poder's at a giv'ein ti.me.

:Regwrding .the high .Luer of tht; e-" :'oient' x ina

~aaton (>4 he contructioh rate can~ be markedly

ooo~filters, =nder premzt'ue. Tlakc5; it n =3 ozt 4

andi PO~ kg/eq -'Mf as for coaree powr"lers, then at an

ap pliiod p of 10g/aq, ox the eiiat~ering speed goes up

10~ timtes, thcsat0 is, by a fact-or ol IV~ oý. 1 Such

inc-reases in sintering, speed are readIJ'r7 achievable

inpraotioe.

ConcIuaiorns.

1. Plastic defo~zation plays an active

pe'-cvt" JIn t h,;e fi.r'et t-wo or three m~inutes

C'IF pressuare sinterin~g.

2. oEr~uc ces inte.r± ng ".peed

aft..cn. t~le initia-LL m-inutes the

r e 11e2 -t d oil

'PI/P~n where n -%u 2.

3.The deorea',(.ý in siJntering speed. of

powd-.:re, el1-eoia.Jy coretypes, is

oiceJ-Fct by a r'educi~ng al" p:-esre. For

d, .pereedt :PowdJerf- ciand-er hiAgh eno-uglh j



prsua,8 deorth e in sintering

:..,eeo. for' a given interval is practi-

cally inde-peaident of -pres.,,ure.

4. TBressure ef4iey noreases speed

of~ sintering by increasing~ both plastic

def'orwmation and rate of creep.
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